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Abstract: As water serves as a necessary and often irreplaceable input in a range of goods and
services, a disruption in water supply can cause lost production and sales for businesses. Thus,
large benefits may be generated by reducing the risk of water disruptions. To enable selection of
economically viable risk mitigation measures, the investment costs should be weighed against the
benefits of risk mitigation. Consequently, quantitative estimates of the consequences of disruptions
need to be available. However, despite the importance of water to businesses, the literature on their
financial losses due to short and long-term water disruptions is still scarce. The aim of this paper is to
estimate time-dependent water supply resiliency factors for economic sectors, i.e., a metric focusing
on the level of output that businesses can uphold during a disruption, to contribute to better decision
support for water supply planning and risk management. An online survey was used to gather data
from 1405 companies in Sweden on consequences of complete and unplanned water supply outages.
Results show that Food, beverage and tobacco manufacturing and Accommodation and food services
are the two most severely affected sectors over all analyzed disruption durations.
Keywords: water supply outage; critical infrastructure disruption; economic loss; business interrup-
tion; resiliency factor; risk mitigation
1. Introduction
It is estimated that about 42% of the world’s total active workforce is working in
heavily water-dependent sectors, i.e., sectors requiring a significant amount of water as
a necessary input to their activities and/or production processes [1]. An additional 36%
of the workforce is working in moderately water-dependent sectors. These are sectors
that do not require significant amounts of water to realize most of their operations, but
for which water is a necessary part of the value chains. Water is thus indistinguishably
linked to economic growth. At the same time, economic development and growth place
considerable pressure on water resources and challenges water security for businesses as
well as humans and nature [2]. Climate change, deteriorating infrastructure, population
growth and urbanization contribute with additional threats to water security, providing
risks for both short and long-term disruptions in water supply. In recent years, both the
likelihood and the severity of water disruption events have increased, both in the European
Union and around the world [3,4]. As a disruption in the water supply can force businesses
to production slowdown or shut down [5,6], threats to uninterrupted water services are
acknowledged as significant business risks in many economic sectors [7].
Reducing the risk of short and long-term water disruption events, for businesses
as well as the society in general, can generate a range of public and private benefits.
To facilitate water supply planning and selection of economically viable risk mitigation
Water 2021, 13, 1565. https://doi.org/10.3390/w13111565 https://www.mdpi.com/journal/water
Water 2021, 13, 1565 2 of 15
measures, the investment costs of alternative options should be weighed against the benefits
of risk mitigation [5,8]. For this to be successful, quantitative estimates of the economic
consequences of disruption, including residential welfare losses and business losses, need
to be available. However, despite the importance of water to businesses, the literature on
their economic disruption impacts is still scarce [9]. The main focus in literature has so far
been targeted towards economic impacts of long-term disruptions due to major natural
disasters, e.g., [10]. The research has largely been conducted using either empirical studies
of businesses affected by actual disasters or by modeling, using e.g., input–output models
or computable general equilibrium models [11,12]. Surveys and models have also been
used to investigate preparedness and potential impacts of hypothetical disaster events [11].
One of the quantitative measurements used to assess business losses is the resiliency
factor, i.e., a metric between 0 and 1 focusing on the level of output that the businesses in
specific economic sectors can uphold during a water supply, or other lifeline, disruption.
The Applied Technology Council (ATC) [13] provided early resiliency (or importance)
factors, based on expert opinion, for month-long water disruptions due to earthquakes.
Although old, these factors are still often used in the United States together with GDP
data to estimate direct economic impact for businesses and to compare the benefits of
alternative options [14]. More recently, Chang, et al. [15] and Kajitani and Tatano [16]
estimated resiliency factors for 16 and 27 economic sectors, respectively, based on surveys
of American and Japanese earthquakes. However, while the economic consequences of
long-term water disruptions due to earthquakes and other major disasters may be large,
the frequency with which they occur tends to be rather low [17]. Short-term disruption
events are not evaluated as often as major disasters but may contribute significantly to the
total economic losses due to their much higher frequency [18].
In Sweden, the number of annual pipe bursts is usually used as a measure of (short-
term) water disruptions and the disruption length is typically assumed to be approximately
5 h per burst. In 2018, there were about 8500 pipe bursts on the 111,700 km long public pipe
network [19]. However, apart from pipe bursts, water disruptions can also occur due to
other events related to the distribution systems, e.g., pump failures, or events related to the
raw water systems, e.g., insufficient water quality or quantity, or to the treatment systems,
e.g., operational errors and component failures in treatment plants [20–23]. According to
the Swedish Water Services Act [24], the responsibility of the municipalities (i.e., the public
water providers) is primarily to provide drinking water for residential use. The supply of
water for other uses is based on voluntary commitments on the part of the municipalities.
This means that in an emergency water situation, when there is not enough water for every-
one, prioritizing companies over households may be in violation of the law. Despite this,
many businesses expect a 24-h supply of public drinking water and that their businesses
will be prioritized in case of an emergency [25]. The lack of awareness and preparedness in
the business community in combination with the potentially large economic consequences
of water outages calls for an improved dialog between municipalities and businesses
along with comprehensive water supply planning to mitigate both emergency events and
foreseeable events (e.g., extreme drought). For this, information is needed on how water
disruptions affect different user groups [25]. There is hence a need for more data gathering
on economic consequences of water disruptions, particularly the short-term disruptions, to
more accurately weigh potential benefits and costs of improvement measures in the public
supply system.
The overall aim of this paper is to improve the understanding of the economic value
that water and water services generate for businesses, and by that, advance the evaluations
and comparisons of public water security improvement efforts. Specific objectives are to:
(1) investigate direct economic business losses of short and long-term water supply outages,
i.e., complete and unplanned disruptions of water; and (2) estimate time-dependent water
supply resiliency factors based on survey data from Swedish economic sectors by integrat-
ing over outage duration and recovery time. The findings of the paper make an important
contribution to the water disruption literature by providing information on the short-term
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effects on businesses and the changes in economic losses over time and among sectors. The
results are expected to provide input to better decision support to advance public, and to
some extent also private, planning and risk management. One possible use of the results
is to combine the resiliency factors with information on the sectors’ contributions to GDP
and the likelihood of short and long-term water outages, to provide estimates of expected
economic benefits of alternative risk mitigation options [14].
2. Materials and Methods
The main steps of the methodology are schematically described in Figure 1. The
first steps include the design and test of a questionnaire to gather data from Swedish
companies on water disruptions. This was followed by steps to spread information about
the survey and to collect data from responding companies. The last steps include data
analysis and calculations to provide time dependent resiliency factors for each analyzed
economic activity sector. The steps are further explained in the following text.
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2.1. Data Collection
An online questionnaire was designed to gather qualitative and quantitative data on
unplanned water outages from companies and organizations in the following economic
activity sectors, categorized according to the European statistical classification of economic
activities (NACE) [26]: A. Agriculture, forestry and fishing; B. Mining and quarrying; C.
Manufacturing; D. Electricity, gas, steam and air; E. Water, sewerage, waste and remedia-
tion; F. Construction; G. Wholesale, retail and repair of motor vehicles; H. Transportation
and storage; I. Accommodation and food service; J. Information and communication; K.
Financial and insurance activities; L. Real estate activities; M. Professional, scientific and
technical activities; N. Administrative and support service activities; O. Public adminis-
tration and defense; P. Education; Q. Human health and social work activities; R. Arts,
entertainment and recreation; and S. Other service activities. The data were collected at the
NACE hierarchical level of divisions, identified by two-digit numerical codes. Both compa-
nies and other organizational units will be referred to as companies in the following text.
The questionnaire was based on a mix of open-ended and multiple-choice questions,
consisting of a total of eight questions (see Questionnaire S1 for details): (1) whether the
company uses public water, private water or both; (2) if private water, which type of water
the company uses; (3) what proportion of value added (in percent of normal business
activity) the company can maintain during a water disruption that lasts for: 2 h, 4 h, 12 h,
24 h, 1 week, and 1 month; (4) the reason for lost value added, if any; (5) how long it will
take the company to recover after a water disruption that lasts for: 2 h, 4 h, 12 h, 24 h,
1 week, and 1 month; (6) if the company have access to supplementary water and if so,
which kind; (7) if the company has taken any other measures so as not to be affected by
water disruptions and if so, which; and (8) if the company has experienced an unplanned
water disruption event during the last five years. Some administrative questions were
also included.
To test the questions and online methodology, a pilot survey was conducted in which
ten private companies from Accommodation and food services, Food, beverage and to-
bacco and Mining and quarrying sectors were asked to respond and comment on the
survey. The pilot led to some adjustments of question formulations. After this, the link to
the online survey was distributed both by mail, to companies randomly singled out by
Statistics Sweden to represent the above-mentioned economic activity sectors, and through
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trade associations’ websites and newsletters. A total of 1405 companies responded to the
questionnaire survey, which was kept open to different sectors for two rounds of about
3 weeks each in the fall of 2019 and 2020, respectively.
2.2. Data Analysis
Following Lizarraga [18] and Rose [27], resilience is here defined as the ability of a
sector to maintain its function during disruption and recover quickly. The water supply
resiliency factor, i.e., a metric between 0 and 1 focusing on the level of output that the
businesses can uphold during and after a water supply disruption event, is estimated by
the ratio of maintained value added during and after a water outage event to the value
added during normal business activity (see Equation (1) below). This is similar to how
e.g., Kajitani and Tatano [16] calculate resiliency factors, but with focus on value added
instead of production level. The reason to forgo production as performance metric is that
some companies can alter their business activity during outage events and thus maintain
the level of production but possibly not the level of value added. Value added is also
a preferred performance metric as it avoids double counting intermediate sectors and
production performed outside the analyzed region [18]. Value added is the difference
between the production value and the cost of the inputs involved in making it. It is a
measure of the companies’ contribution to the GDP.
To calculate sector-specific resiliency factors, the following steps and simplifications
were made. Firstly, in the questionnaire the respondents were asked to estimate their
maintained value added during a water outage and could choose between answers of
100%, 80–99%, 60–79%, 40–59%, 20–39%, 1–19% and 0%. Responses indicating an interval
were assumed to belong to the mean of that interval, i.e., respondents indicating 80–99%
were assigned an 89.5% maintained value added. Secondly, a linear relationship was
assumed between data points of maintained value added for different disruption durations
as well as between data points of disruption end time and recovery end time (schematic
description in Figure 2).
Water 2021, 13, x FOR PEER REVIEW 5 of 16 
 
 
 
Figure 2. Schematic description of changes in value added over time during and after water supply 
disruption events of different lengths. A value added of 100% represents the baseline level of normal 
business activity. The colorful areas thus represent the value added lost, and the dark gray areas 
represent the maintained value added from disruption start to the end of recovery. 
The fraction of the maintained value added at time t for company c in sector s by fc,s(t) 
is illustrated by the sample points in Figure 2. The shaded area under the curve thus rep-
resents the total maintained value added. Dividing this by the value added of normal 
business activity (1∙ttot), where ttot is the total time of disruption and recovery, gives the 
water supply resiliency factor rc,s: 
, = 1 ,  (1) 
To summarize these results for each sector, the mean resiliency factor across compa-
nies was calculated. In line with Kajitani and Tatano [16], all companies within a sector 
are here equally weighted, irrespective to business size. For resiliency factor calculation, 
the trapezoidal rule was used for approximation of the integral [28]. 
The 25th and 75th percentiles, as well as the 90% confidence interval, were calculated 
to illustrate variability with respect to differences in companies’ resilience and the number 
of respondents. To describe the total time the companies are affected, a time factor is also 
calculated for each company as t-factor = ttot/tdur where tdur is the disruption duration. 
To probe the reliability of the approach and data, we looked at the variability of mean 
and percentile values across 10,000 bootstrap samples of the original dataset. Each boot-
strapped sample was created by selecting n resiliency factors from the original dataset 
with replacement, where n is the number of responding companies in each sector. Mean 
and 25th and 75th percentiles were calculated for each bootstrapped dataset giving rise to 
10,000 such values. The standard deviations of these were then calculated, providing an 
estimate of the standard error of the corresponding values from the original dataset. This 
shows the sensitivity of the results with respect to the selected companies among the re-
spondents. 
  
Figure 2. Schematic description of changes in value added over time during and after water supply
disruption events of different lengths. A value added of 100% represents the baseline level of normal
busine s activity. The colorful areas thus represen the value a ded lost, and the dark gray areas
re resent the aintained value a ded from disruption star to th end of recovery.
Water 2021, 13, 1565 5 of 15
The fraction of the maintained value added at time t for company c in sector s is
denoted by fc,s(t), illustrated by the sample points in Figure 2. The shaded area under the
curve thus represents the total maintained value added. Dividing this by the value added
of normal business activity (1·ttot), where ttot is the total time of disruption and recovery,
gives the water supply resiliency factor rc,s:
rc,s =
1
ttot
∫ ttot
0
fc,s(t)dt (1)
To summarize these results for each sector, the mean resiliency factor across companies
was calculated. In line with Kajitani and Tatano [16], all companies within a sector are
here equally weighted, irrespective to business size. For resiliency factor calculation, the
trapezoidal rule was used for approximation of the integral [28].
The 25th and 75th percentiles, as well as the 90% confidence interval, were calculated
to illustrate variability with respect to differences in companies’ resilience and the number
of respondents. To describe the total time the companies are affected, a time factor is also
calculated for each company as t-factor = ttot/tdur where tdur is the disruption duration.
To probe the reliability of the approach and data, we looked at the variability of
mean and percentile values across 10,000 bootstrap samples of the original dataset. Each
bootstrapped sample was created by selecting n resiliency factors from the original dataset
with replacement, where n is the number of responding companies in each sector. Mean
and 25th and 75th percentiles were calculated for each bootstrapped dataset giving rise
to 10,000 such values. The standard deviations of these were then calculated, providing
an estimate of the standard error of the corresponding values from the original dataset.
This shows the sensitivity of the results with respect to the selected companies among
the respondents.
3. Results
The survey was answered by 1405 individual companies (see Table 1 for descriptive
statistics). Categorized by number of employees only, most surveyed companies (74%) are
classified as small enterprises [29] with fewer than 50 employees. This can be compared
to the large proportion of small enterprises (99%) throughout Sweden [30]. The majority
(83%) of the surveyed companies are supplied by public water only; however, the percental
dependence on public water varies between the sectors. Thirty-six percent of all companies
had experienced an unplanned water disruption in the last five years, varying between 11
and 62% for the various economic activity sectors.
It is worth noting that all sectors, based on survey mean values, are affected already
by a 2-h disruption, ranging from a 7% reduction in value added in the Information and
communication sector to 62% reduction in the Food, beverage and tobacco sector. The
reduction in value added increases with the disruption duration and varies between 13
and 75% for a 4-h disruption, 23 and 90% for a 12-h disruption, 26 and 94% for a one-
day disruption, 34 and 96% for a one-week disruption, and 38 and 97% for a one-month
disruption (mean values per sector). However, a fairly large proportion of the companies
can maintain a normal business activity (100% value added) throughout a water outage:
48% of all companies during a 2-h disruption, 34% during a 4-h disruption, 25% during a
12-h disruption, 23% during a one-day disruption, 18% during a one-week disruption, and
16% of all companies during a one-month disruption.
The average reduction in value added during water disruptions of different durations
is shown for the non-manufacturing sectors in Figure 3 and for the manufacturing sectors in
Figure 4. Based on mean values, Food, beverage and tobacco along with Accommodation
and food services are the two overall most affected sectors. For these two sectors, the
value added is reduced by 62 and 60%, respectively, already after 2 h without water. At
a month-long water outage, the corresponding reductions are 93 and 97%, respectively.
Perhaps not surprisingly, Forestry and logging is the least affected sector in the event of a
water supply disruption.
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Table 1. Descriptive statistics of responding companies.
NACE Code Economic Activity Number
Employees (%) Water Source (%) Disruption Experience * (%)0–9 10–49 50–199 200–9999 Public Public & Private Private
A 01 Crop and animal production 71 77 18 3 1 28 23 49 41
A 02 Forestry and logging 13 62 38 0 0 15 38 46 23
A 03 Fishing and aquaculture 5 80 20 0 0 60 20 20 20
B 07–09 Mining and quarrying 7 43 43 14 0 71 14 14 57
C 10–12 Food, beverage and tobacco 68 21 43 18 19 88 4 7 50
C 13–15 Textiles and leather 38 65 19 14 3 76 3 21 27
C 16 Wood products 26 58 35 8 0 85 4 12 42
C 17 Paper products 20 10 60 5 25 60 30 10 45
C 18 Printing and recorded media 10 80 20 0 0 100 0 0 10
C 19 Coke and petroleum 4 75 0 0 25 75 25 0 25
C 20–21 Chemical and pharmaceutical 53 9 43 34 13 89 11 0 40
C 22–23 Rubber and plastic 33 41 38 19 3 79 9 12 38
C 24–25 Metal products 63 44 38 16 2 89 5 6 17
C 26–27 Computer and electronics 38 47 39 11 3 95 0 5 29
C 28 Machinery 17 24 29 29 18 71 12 18 41
C 29–30 Transport equipment 19 32 26 37 5 95 0 5 32
C 31 Furniture 12 55 27 9 9 92 0 8 27
C 32 Other manufacturing 27 56 30 15 0 85 7 7 41
C 33 Repair and installation 28 82 14 4 0 86 0 14 11
D 35 Electricity, gas, steam and air 30 17 47 30 7 77 20 3 40
E 36–39 Water, sewerage and waste 26 27 54 12 8 69 15 15 62
F 41–43 Construction 20 50 45 5 0 80 10 10 40
G 45–47 Wholesale and retail 44 30 32 23 16 89 5 7 32
H 49–53 Transportation and storage 50 34 34 22 10 92 6 2 32
I 55–56 Accommodation and food service 59 39 37 14 10 92 0 8 63
J 58–63 Information and communication 94 49 30 16 5 94 4 2 20
K 64–66 Financial and insurance activities 25 16 44 28 12 100 0 0 36
L 68 Real estate activities 38 21 26 32 21 95 5 0 61
M 69–75 Scientific and technical activities 81 46 37 15 2 91 2 6 28
N 77–82 Administrative and support service 34 50 21 24 6 82 9 9 35
O 84 Public administration and defense 36 3 19 42 36 89 11 0 47
P 85 Education 39 33 33 26 8 90 5 5 44
Q 86–88 Human health activities 86 40 28 24 8 86 8 6 38
R 90–93 Arts, entertainment and recreation 82 45 41 10 4 88 4 9 34
S 94–96 Other service activities 109 43 29 19 8 81 12 7 30
Total 1405
* Percentage of responding companies affected by disruptions over the last five years.
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Between 2 and 18% of the companies, in all sectors except the Financial and insurance,
Real estate, Printing and recorded media, Coke and petroleum, and Accommodation
and food services sectors, responded they had access to supplementary water in the
form of their own groundwater or surface water resources (Figure S1). In the Crop and
animal production, Forestry and Fishing sectors, the corresponding numbers were 41,
33 and 60%, respectively. Between 9 and 30% of the companies in the service sectors
(NACE codes F to S), except the Accommodation and food sector, responded that they can
meet their water needs by purchasing water from a grocery store during disruptions.
When asked about other resilience measures to reduce the risk of being affected by
water disruptions, between 50 and 100% of companies in each sector responded that they
had neither taken nor planned any risk reducing measures (Figure S2). In the service sectors
(NACE codes F to S), again except the Accommodation and food sector, between 3 and 15%
of the companies responded that they can temporarily alter their business activity during
disruptions. Of all companies, only 2% responded that they had invested or planned to
invest in water efficient technologies.
Most companies stated that a reduced value added during water disruptions
(Figures 3 and 4) was due to either their production being dependent on water (37% of the
companies) or that they chose to slow down production due to lack of water for sanitary
and hygienic purposes (39% of the companies). However, lack of water for firefighting
was also cited as a reason (9% of the companies), particularly by the Wood products and
Furniture sectors.
Table 2 shows the calculated water supply resiliency factors (calculated according to
Equation (1) as the ratio of maintained value added during and after a water outage event
to the value added during normal business activity) and the time factors (calculated as the
ratio of total time for disruption and recovery to the disruption duration, ttottdur ) for all sectors
and water-disruption durations. For a two-hour disruption, the resiliency factors for the
different sectors vary between 0.69 and 0.97. For a month-long disruption, the resiliency
factor varies between 0.10 and 0.83, but for most sectors it is between 0.4 and 0.6. And as
previously notated, the Food, beverage and tobacco and the Accommodation and food
services sectors are the two most severely affected, with one-month resiliency factors of 0.11
and 0.10, respectively. In Table S1, the confidence intervals and 25th and 75th percentiles
of the resiliency factors are presented, demonstrating that the resiliency factor variation
typically increases with increased disruption duration within each sector. Table S2 presents
the standard errors of the mean, and of the 25th and 75th percentiles, providing insights
into the generalization ability of the presented resiliency factors.
For shorter disruption durations, up to 24 h, the mean recovery time was less than a
day for all sectors except the Chemical and pharmaceutical, Food, beverage and tobacco,
Crop and animal, Forestry and logging, Accommodation and food, and Electricity, gas,
steam and air sectors (see the time factors in Table 2). The mean recovery time for the longer
disruptions of a week and a month varied between a few hours and six days. However,
several companies responded that they could not recover at all from the disruptions and
would have to file for bankruptcy. After a week-long water outage, 2.5% of all companies
responded that they would have to file for bankruptcy. After a month-long outage, 5.5% of
all companies would have to file for bankruptcy. This was most palpable in the Crop and
animal production sector, in which 39% of the companies would have to file for bankruptcy
after a month-long water outage.
It is important to note that the water supply resiliency factor is a measure of the
maintained value added over the total time of disruption duration and recovery time. Thus,
when using the resiliency factors for estimating economic losses due to water disruptions
of specific durations, the recovery time must also be considered. This is done by use of the
time factors in Table 2.
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Table 2. Water supply resiliency factors (r) and time factors (t-factor) for all analyzed economic activity sectors and water disruption durations.
NACE Code Economic Activity
2 h 4 h 12 h 24 h 1 Week 1 Month
r t-Factor r t-Factor r t-Factor r t-Factor r t-Factor r t-Factor
A 01 Crop and animal production 0.92 13.97 0.90 10.95 0.73 7.12 0.65 3.77 0.44 1.25 0.32 1.09
A 02 Forestry and logging 0.96 1.00 0.94 2.62 0.90 5.62 0.88 3.31 0.85 1.33 0.83 1.08
A 03 Fishing and aquaculture 0.90 1.40 0.84 1.00 0.73 1.03 0.66 1.03 0.56 1.01 0.36 1.00
B 07–09 Mining and quarrying 0.84 1.14 0.78 1.07 0.65 1.11 0.61 1.07 0.51 1.03 0.44 1.00
C 10–12 Food, beverage and tobacco 0.69 3.41 0.68 2.28 0.40 2.73 0.32 2.66 0.18 1.46 0.11 1.10
C 13–15 Textiles and leather 0.93 1.31 0.88 1.05 0.81 1.30 0.76 1.17 0.65 1.16 0.55 1.09
C 16 Wood products 0.89 1.44 0.83 1.08 0.72 1.06 0.67 1.03 0.57 1.01 0.49 1.00
C 17 Paper products 0.93 3.39 0.95 2.27 0.80 1.46 0.73 1.26 0.58 1.29 0.51 1.12
C 18 Printing and recorded media 0.90 1.00 0.84 1.05 0.73 1.10 0.65 1.14 0.55 1.06 0.49 1.07
C 19 Coke and petroleum 0.75 3.19 0.78 2.09 0.62 2.75 0.58 1.88 0.47 1.13 0.44 1.15
C 20–21 Chemical and pharmaceutical 0.81 11.14 0.82 6.18 0.53 3.48 0.45 2.38 0.32 1.59 0.23 1.15
C 22–23 Rubber and plastic 0.92 1.41 0.91 1.23 0.80 1.16 0.75 1.13 0.65 1.17 0.57 1.08
C 24–25 Metal products 0.96 1.36 0.93 1.16 0.82 1.19 0.74 1.16 0.57 1.05 0.47 1.03
C 26–27 Computer and electronics 0.96 1.03 0.94 1.05 0.85 1.05 0.78 1.51 0.67 1.08 0.60 1.04
C 28 Machinery 0.88 1.24 0.83 1.15 0.71 1.10 0.65 1.06 0.53 1.05 0.47 1.05
C 29–30 Transport equipment 0.93 1.21 0.86 1.08 0.67 1.14 0.57 1.08 0.41 1.15 0.34 1.06
C 31 Furniture 0.95 1.08 0.93 1.04 0.86 1.08 0.81 1.09 0.72 1.02 0.66 1.01
C 32 Other manufacturing 0.88 1.80 0.85 2.03 0.71 1.43 0.63 1.22 0.51 1.31 0.41 1.05
C 33 Repair and installation 0.93 2.54 0.88 1.02 0.79 1.00 0.73 1.01 0.63 1.01 0.58 1.03
D 35 Electricity, gas, steam and air 0.93 2.25 0.92 1.57 0.74 2.09 0.69 2.26 0.54 1.12 0.45 1.05
E 36–39 Water, sewerage and waste 0.89 1.49 0.86 1.30 0.72 1.25 0.66 1.28 0.54 1.20 0.45 1.11
F 41–43 Construction 0.91 1.78 0.86 1.19 0.77 1.15 0.72 1.25 0.64 1.26 0.57 1.07
G 45–47 Wholesale and retail 0.89 2.07 0.83 1.58 0.71 1.08 0.63 1.06 0.48 1.10 0.38 1.06
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Table 2. Cont.
NACE Code Economic Activity
2 h 4 h 12 h 24 h 1 Week 1 Month
r t-Factor r t-Factor r t-Factor r t-Factor r t-Factor r t-Factor
H 49–53 Transportation and storage 0.95 1.23 0.91 1.17 0.81 1.09 0.73 1.07 0.59 1.03 0.51 1.03
I 55–56 Accommodation and food service 0.70 2.55 0.62 1.69 0.36 2.16 0.29 2.21 0.17 1.57 0.10 1.22
J 58–63 Information and communication 0.97 1.58 0.94 1.09 0.86 1.11 0.80 1.08 0.71 1.04 0.66 1.00
K 64–66 Financial and insurance activities 0.96 1.04 0.92 1.08 0.76 1.06 0.66 1.05 0.52 1.02 0.42 1.05
L 68 Real estate activities 0.87 1.71 0.78 1.41 0.59 1.52 0.50 1.45 0.33 1.07 0.26 1.08
M 69–75 Scientific and technical activities 0.91 2.24 0.86 1.34 0.74 1.24 0.67 1.17 0.56 1.09 0.48 1.03
N 77–82 Administrative and support service 0.89 1.00 0.83 1.08 0.72 1.08 0.66 1.12 0.55 1.02 0.50 1.01
O 84 Public administration and defense 0.91 2.51 0.86 1.83 0.71 1.29 0.64 1.16 0.51 1.04 0.44 1.02
P 85 Education 0.90 1.54 0.84 1.27 0.66 1.34 0.56 1.20 0.41 1.04 0.37 1.03
Q 86–88 Human health activities 0.79 4.11 0.71 1.28 0.53 1.32 0.45 1.25 0.35 1.21 0.28 1.11
R 90–93 Arts, entertainment and recreation 0.82 5.69 0.77 4.00 0.58 2.17 0.51 1.90 0.38 1.21 0.31 1.10
S 94–96 Other service activities 0.84 1.53 0.78 2.98 0.62 1.91 0.54 1.58 0.40 1.14 0.33 1.04
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4. Discussion
Businesses and water providers are faced with multiple risks associated with the
availability of water. An expected increase in the frequency and severity of water scarcity
events, a deteriorating water infrastructure and possible operational water supply failures,
are all examples of the range of risk scenarios, associated with low to high probability
disruption events, that both businesses and water providers need to consider. The purpose
of this paper is to increase our understanding of the economic consequences that short and
long-term water supply disruptions can give rise to, and thereby improve our assessments,
comparisons and decisions on potential risk mitigation measures. This to improve our
water supply planning and risk management. The results show that already very short
water disruption events can cause extensive consequences for individual companies by
forcing them to slow down their business activities. For instance, a 2-h disruption will
cause 87% of the surveyed companies in the Food, beverage and tobacco sector and 76%
of the companies in the Chemical and pharmaceutical sector to decrease their business
activity. These two sectors were shown to be the most severely affected manufacturing
sectors, with one-month resiliency factors of 0.11 and 0.23, respectively, compared to an
average of 0.51 for the other manufacturing sectors. This result, i.e., the limited ability
of these two sectors to maintain their function during a water supply outage, is in line
with resiliency factors estimated for Japanese industries by Kajitani and Tatano [16]. In the
USA, however, ATC [13] found that the metal products and electronics sectors were the
most severely affected. When compared to the manufacturing resiliency factors derived
by Chang, Svekla and Shinozuka [15], for outage durations of less than one week, one to
two weeks, and two weeks or more, the resiliency factors from this paper are consistently
higher for each corresponding outage duration. The differences in study results may be
due to both country specific conditions and different methodologies and research focus,
e.g., major disaster versus everyday events.
As noted above, the economic consequences of water supply disruptions vary among
the economic activity sectors, and the calculated resiliency factors are based on the con-
sequences both during the water outage and during the recovery. Recovery time is here
defined as the time it takes for a company to return to normal business activity after
the water supply is restored. A large proportion of the companies (between 62% of all
companies after a two-hour disruption to 37% after a one-month disruption) responded
that they can return to normal business activity directly after the water supply is restored.
However, the survey also shows that several companies cannot recover at all after longer
water supply disruptions and must file for bankruptcy. It is important to clarify that no
recovery time was included in the calculation of resiliency factors for those companies that
responded that they are going bankrupt. Bankruptcy is thus seen as a cost that must be
considered in addition to the lost value added when estimating the total effects of water
supply disruptions.
To exemplify the use of the resiliency factors for water supply planning and manage-
ment, we estimate the annual cost due to pipe bursts in an example municipality with
150,000 residents representing a large Swedish municipality. Based on statistics from the
Swedish Water and Wastewater Association (SWWA) [31], we can assume that there are on
average 115 pipe bursts per year in the municipality. In accordance with SWWA’s standard
values, each pipe burst is on average expected to result in a five-hour water disruption [32].
Furthermore, based on SWWA statistics, approximately 4.5% of the residents are assumed
to be affected by a water disruption due to pipe bursts each year [31]. We assume that both
residents and companies are evenly distributed in the municipality, and hence also expect
that 4.5% of the companies are affected by water disruptions due to pipe bursts each year.
Using national (or regional if available) GDP data per capita for the economic sectors [33],
we can calculate the affected companies’ (i.e., 4.5% of the companies in each sector) total
value added during normal business activity in the 150,000-resident municipality (~2.0 mil-
lion SEK; 10 SEK ~ 1 USD) for the estimated water outage duration of 5 h and additional
recovery time for each sector (t-factor in Table 2). By multiplying the value added by
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each sector with the respective resiliency factor for a four-hour disruption, which is the
closest resiliency factor duration to the desired five hours, we can calculate the sectors’ total
maintained value added during the water outages (~1.7 million SEK). Hence, the annual
business-related cost in the municipality due to pipe bursts is approximately 300,000 SEK.
This information, of the total annual cost of water supply disruptions due to pipe bursts,
can then be used to guide and support water supply management decisions. For example,
as most water providers face difficult decisions on resource allocation and prioritizations of
risk mitigation measures, this information can be used to compare the costs and benefits of
reducing the risks of pipe bursts with the costs and benefits of other potential improvement
measures and with the option of doing no improvements at all. Hence, the resiliency
factors provided by the manuscript can be used as input parameters in, for example, risk
assessments, cost-benefit-analyses or sustainability assessments, which in turn can form the
basis for water resources planning and management. The contribution by the manuscript is
thus in the form of background data on socio-economic consequences, something that is all
too often lacking in order to carry out relevant socio-economic assessments for improved
planning and management. It is important here to point out that effects on households,
reparation costs and other relevant effects also should be considered when estimating total
water disruption effects on society.
A disruption in the water supply can generate significant economic losses for both
individual companies and wider society, and the need for (re)investments and improve-
ment measures to uphold a reliable water supply provision is large, both globally and in
Sweden [34]. Currently, about 12 billion SEK (approx. 1.3 billion USD) is invested annually
in the water and wastewater infrastructure in Sweden. It is estimated that this number
must increase by 35% over the next 20 years to maintain the level of water security in
the country. Together with costs for converting residential areas from private water to
public water, the renewal needs of the pipe network constitutes the largest proportion of
this estimated investment need [35]. However, it is important to note that other parts of
the public drinking water system must also be maintained in order to uphold a secure
water supply.
Companies often fail to consider how dependent they are of uninterrupted lifeline
services, such as a continuous water supply provision [36]. This is also indicated by
the survey results, in which 80% of all companies responded that they had not taken
any measures to reduce the risk of being affected by water disruption. Four percent of
the companies responded that they had performed a risk analysis and taken relevant
precautions. Seven percent responded that they can temporarily alter their business
activity. To raise awareness in the business community of potential improvement measures
and provide incentives for a better prepared and more resilient society, the Swedish
government is currently developing a national strategy for efficient and sustainable water
management [37].
Short-duration-high-probability events have not been studied as thoroughly as long-
term disruptions but may contribute significantly to the total economic losses due to
their much higher frequency. This lack of good and relevant data affects the quality of
socio-economic and risk assessments, thereby limiting their usefulness and credibility as
planning tools when comparing alternative improvement measures [2]. The findings of
this paper therefore make an important contribution to the water disruption literature by
providing information on the short-term effects on businesses and the changes in economic
losses over time and among sectors. Understanding of how companies are affected by
disruptions is of great importance for understanding society’s vulnerability. The results
of this paper can be used to estimate business losses of current water disruptions and
the value of avoiding future disruptions. The results can therefore contribute with useful
information for improved decision support for water supply planning and management,
where trade-offs can be made between performance, risk and finances in a structured and
transparent way. The results can also be used to identify the economic activity sectors
with the largest potential of reducing the total economic losses for society. Important next
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steps are to more thoroughly study business preparedness, response and recovery. Future
work should also focus on the additional benefits that an improved preparedness and an
effective management of water disruption risks can bring to society.
5. Conclusions
The conclusions of this paper are:
• The investigation of direct economic business losses of short and long-term water
supply outages shows that Food, beverage and tobacco is the most severely affected
manufacturing sector over all analyzed water disruption durations. The sector’s water
resiliency factors range from 0.69 to 0.11 for the analyzed disruption durations (from
two hours to one month). The Accommodation and food service sector is the most
severely affected non-manufacturing sector, with resiliency factors ranging between
0.70 and 0.10. Forestry and logging is the least affected sector, with factors between
0.96 (two-hour disruption) to 0.83 (one-month disruption). The information provided
by the resiliency factors can be used to improve assessments at the societal level, by
for example, water providers or authorities who need to assess the annual risk of an
existing water supply system or compare the (socio-economic) benefits of alternative
risk mitigation measures. The stepwise procedure for estimating the annual risk
(with consequences measured in costs) will include assessing which types of delivery
failures that can occur in the supply system of interest, the likelihood of occurrence
of these types of disruption events based on historical site-specific data or expert
judgements, and which economic sectors are present in the region. For each type
of disruption event, the cost per sector is calculated over disruption duration and
recovery time as the product of the sector’s contribution to the regional GDP at normal
business activity and the complement of the sector’s resiliency factor (1—resiliency
factor). The total annual cost for businesses is then the aggregate product of the
probability of each type of event and its respective costs for all present sectors.
• It is worth noting that all sectors are affected already by a two-hour disruption,
ranging from 7% reduction in value added in the Information and communication
sector to 62% reduction in the Food, beverage and tobacco sector (mean values). The
reduction in value added increases with the disruption duration, with sector-wise
mean values varying between 13 and 75% for a four-hour disruption, 23 and 90%
for a 12-h disruption, 26 and 94% for a one-day disruption, 34 and 96% for a one-
week disruption; and 38 and 97% for a one-month disruption. However, a fairly
large proportion of the companies can maintain a normal business activity (100%
value added) throughout a water outage: 48% of all companies during a two-hour
disruption, 34% during a four-hour disruption, 25% during a 12-h disruption, 23%
during a one-day disruption; 18% during a one-week disruption; and 16% of all
companies during a one-month disruption.
• The mean recovery time was less than a day for most sectors following disruptions
lasting 24 h or less. The recovery time after week-long or month-long disruptions
varied between a few hours and six days. However, several companies responded
that they could not recover at all from those longer disruptions and would have to
file for bankruptcy. When estimating the total business-related effects of water supply
disruptions, effects of bankruptcy should thus be considered in addition to the lost
value added.
• The business resilience factors provided here contribute with information to help
respond to the challenges arising from water disruption risks. With a better under-
standing of the value of water to all water users, a good, effective and efficient water
governance is made possible. The results can be used for better economic impact as-
sessments and evaluations of mitigation strategies, hence facilitating the managing of
risks at the least cost to society. By illustrating the economic benefit of a reliable water
provision, the results can thus be used to justify measures aimed at strengthening
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water security and by that contributing to ensuring a long-term sustainable use of our
water resources.
Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/w13111565/s1, Questionnaire S1: Survey questionnaire, Table S1: Resiliency factors for
analyzed economic activity sectors and water supply disruption durations (µ = average, ci = confi-
dence interval, P25 = 25th percentile, P75 = 75th percentile), Table S2: Mean, 25th percentile and 75th
percentile values of the resiliency factors, along with their respective bootstrapped standard errors
(10,000 iterations), Figure S1: Survey results regarding whether the companies in each sector have
access to supplementary water, and if so which kind, Figure S2: Survey results regarding whether
the companies in each sector have taken, or plan to take, any measures to reduce the risk of being
affected by a water disruption, Figure S3: Reasons for reduced value added during water disruptions.
Author Contributions: Conceptualization, K.S., A.L. and L.R.; methodology, K.S., J.K., A.L. and
L.R.; formal analysis, K.S.; investigation, K.S., J.K. and N.S.Z.; writing—original draft preparation,
K.S.; writing—review and editing, K.S., J.K., N.S.Z., L.R., M.H. and A.L.; visualization, K.S. and J.K;
validation and supervision, A.L. and L.R.; project administration, K.S.; funding acquisition, K.S. and
M.H. All authors have read and agreed to the published version of the manuscript.
Funding: This research was funded by Mistra the Swedish Foundation for Strategical Environmental
Research and SMHI the Swedish Meteorological and Hydrological Institute.
Data Availability Statement: The data presented in this study are available in this article and its
Supplementary Materials (see details on Supplementary Materials above).
Acknowledgments: The authors gratefully acknowledge the funding bodies for their support.
Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.
References
1. WWAP. The United Nations World Water Development Report 2016 Report: Water and Jobs; UNESCO: Paris, France, 2016.
2. WWAP. The United Nations World Water Development Report 2015: Water for a Sustainable World; UNESCO: Paris, France, 2015.
3. Vladimirova, I.; Nguyen, N.; Schellekens, J.; Vassileva, I. Assessment of the Water Productivity Index. Deliverable to Task A4a of the
Blue2 Project “Study on EU Integrated Policy Assessment for the Freshwater and Marine Environment, on the Economic Benefits of EU
Water Policy and on the Costs of Its Non-Implementation”; DG ENV: Brussels, Belgium, 2018.
4. Contreras, D.; Voets, A.; Junghardt, J.; Bhamidipati, S.; Contreras, S. The drivers of child mortality during the 2012–2016 drought
in la Guajira, Colombia. Int. J. Disaster Risk Sci. 2020, 11, 87–104. [CrossRef]
5. Ding, Y.; Hayes Michael, J.; Widhalm, M. Measuring economic impacts of drought: A review and discussion. Disaster Prev. Manag.
Int. J. 2011, 20, 434–446. [CrossRef]
6. Nocera, F.; Gardoni, P. A ground-up approach to estimate the likelihood of business interruption. Int. J. Disaster Risk Reduct. 2019,
41, 101314. [CrossRef]
7. KPMG. Sustainable Insight–Water Scarcity: A Dive into Global Reporting Trends; KPMG International Cooperative: Zurich, Switzer-
land, 2012.
8. Buck, S.; Auffhammer, M.; Hamilton, S.; Sunding, D. Measuring welfare losses from urban water supply disruptions. J. Assoc.
Environ. Resour. Econ. 2015, 3, 743–778. [CrossRef]
9. Graveline, N.; Grémont, M. Measuring and understanding the microeconomic resilience of businesses to lifeline service interrup-
tions due to natural disasters. Int. J. Disaster Risk Reduct. 2017, 24, 526–538. [CrossRef]
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